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Calculations of tunneling matrix elements associated with electron transfer through molecular
environments are usually done for given frozen nuclear configurations, with the underlying
assumption being that nuclear motions are slow relative to the time scale of a tunneling event. This
paper examines this issue for the case of electron tunneling through water. The motivation for this
study is a recent calculatidriPeskinet al, J. Chem. Physl111, 7558 (1999] that indicates that
electron tunneling through water may be enhanced by tunneling resonances in the rarige\of

below the vacuum barrier, and finds that the lifetimes of such resonances are in the 10 fs range,
same order as OH stretch periods. Our calculation is based on the absorbing-boundary-
conditions-Green’s-functiofABCGF) method and proceeds in two steps. First we consider the
effect of a single symmetric OH-stretch mode on electron tunneling in an otherwise frozen water
environment, and establish that the inelastic tunneling probability is small enough to justify an
approach based on perturbation theory limited to single phonon transitions. Next we note that on the
short time scale of a tunneling event, even under resonance conditions, water nuclear dynamics may
be represented in the instantaneous normal modes picture. We generalize the ABCGF method to take
into account low order inelastic scattering from a continuum of such harmonic normal modes. We
find that near resonance the total inelastic transmission probability is of the same order as the elastic
one, and may lead to an additionraR0—40% enhancement of the overall transmission in the range

of up to 1 eV below the vacuum barrier. The absolute energy exchange is small, of the order of 1%
of the incident electron energy. Surprisingly, we find that the main contribution to the inelastic
transmission is associated with energy transfer into the rotational-librational range of the water
instantaneous normal mode spectrum. 2801 American Institute of Physics.

[DOI: 10.1063/1.1383991

I. INTRODUCTION possible to correlate these resonances with particular water
nanostructures. Furthermore, the lifetimes of these reso-

Electron tunneling through water is an important ele-pnances were estimated to be in the order of 10 fs. The in-
ment in all electron transfer processes involving hydrated,q ement of resonance tunneling in electron transmission

solutes, and_ in many processes that occur in water basqﬂrough water has been suggested also by other wotkér.
electrochemistry. In the standard theory of electron In the spirit of most calculations of electronic coupling

transfei” the main role played by the solvent is to affect lements in electron transfer theory and of earlier dielectric
energy matching between donor and acceptor levels by thef2 &M : y
continuum models that disregard the water structure alto-

mal fluctuations. Continuum dielectric theory provides a rea- . : ]
sonable description of this effect; however, it obviously can-96ther, we have used in our previous studies of electron
not describe the effect of solvent structure on the electroniér@nsmission probabilities static water structures. Etaic
coupling itself. In a recent series of article¥! (see also Ref. medium approximatioris based on the assumption of short
12) we have addressed the problem using a molecular leveluration of the tunneling process, i.e., it is assumed that any
description of the water environment: Water layer structuregransmission event is completed before substantial nuclear
were sampled from equilibrium molecular dynami®dD)  motion takes place. The computation of the transmission
simulations, and the electron transmission properties of thesgrobability can therefore be done for individual static water
structures were analyzed numerically using a suitablgonfigurations sampled from an equilibrium ensemble, and
pseudopotential to describe the electron—water interactioghe results averaged over this ensemble. In turn, this implies

and applying the absorbing boundary condition Green funCgat electron transmission through water is essentially an

t|or_1 methoq to compute electrop transmission probap 'I't'e.s’elastlc process. Indeed, experimental studies of photoemis-
This numerical approach has yielded a comprehensive pic-. . . -

. o sion through thin water films adsorbed on metals indicate
ture of the interplay between the electron transmission prob-

abilities and the corresponding water structure. In particulart,_hat inelastic processes associated with the water nuclear mo-

these studies have indicated that one possible source for lo#lO _contribute relatively weakly at energies of ordei
ering the effective barrier to tunneling in water is the pos-€V-\>*" Numerical simulations of subexcitation electron
sible involvement of transient water structures that supportransmission through one to four water monolayers adsorbed
resonance tunneling. It was found that such resonances exied P{111)'® are in agreement with this observatiGriTheo-
within ~1 eV below the bare vacuum barrier, and it wasretical calculations of inelastic tunnelifigsimilarly show
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that when sufficiently far from resonance the overall trans-  For each(statig water configuration obtained in this
mission is only weakly affected by inelastic processes. way, the (elastig electron transmission probability is com-
The discovery* of transient resonance supporting struc-puted as follows: a potential field for the electron motion is
tures, essentially molecular size cavities, in room temperaebtained as a superposition of the square barrier representing
ture water, and the finding that the typical lifetimes of thethe electron—metal interaction and the electron—water
corresponding resonances are of the same order as vibrpseudopotential. This potential is projected into a cubic grid
tional periods of intramolecular water nuclear motions casbf dimension 1& 16X 400 with corresponding grid spacing
some doubt on this static medium approximation. The life-2.7713x2.7713<0.4 au in thex,y,2 directions(z is the tun-
times of these cavities are generally long relative to the lifeneling direction. The electronic problem is solved on this
times of the corresponding resonané&ésp from this point  23.46x23.46x84.67 A grid by using periodic boundary
of view a static picture is valid. However, the extent to which conditions in thex andy directions and absorbing boundary
inelastic processes contribute to the transmission probabilitponditions in the tunnelingz) direction; see Ref. 11 for
has to be reassessed. This is the purpose of the work prdetails.28 The computed transmission probabilities show dis-
sented in this paper. tinct but configuration dependent resonance tunneling fea-
The model used in the present calculation is similar totures below the barés eV) work function that were tracét
that used by us in earlier studies, and is briefly described io the existence of transient nanocavities in the water struc-
Sec. Il. In Sec. Il we relax the static medium approximationture. Typical lifetimes of these resonances were found to be
in an artificial way, keeping all nuclear coordinates in thein the 10 fs range.
water layer static, except for one OH stretch mode associated
with a single water molecule. We compute the inelastic trans-
mission pr_obak_)ilities for processes that leave .this m.ode ir|1”_ TRANSMISSION IN THE PRESENCE OF A SINGLE
different vibrational states, and conclude that inelastic tunp.STRETCH MODE
neling is dominated by single phonon transitions. In Sec. IV
we calculate the 1-phonon inelastic electron transmission In order to gain insight on the behavior of inelastic elec-
probability through water, invoking the short duration of the tron tunneling in water we focus first on the dynamics of a
tunneling event by describing water motion in the instanta-single normal mode of water in the otherwise frozen water
neous normal mode picture. As expected, we find that ineladayer. Expecting that inelastic coupling will be most effective
tic tunneling is important close to resonance energies; howfor the high frequency OH stretch mod@swe “unfreeze”
ever, the overall energy exchange is small. As discussed ithe dynamics of a single OH stretch mode of a single water
the concluding Sec. V, the overall transmission probability ismolecule in the layer and consider the resulting inelastic con-
still approximated well by the static medium approximation.tributions to the tunneling process. For an isolated water
molecule whose geometry in the HOH plane is defined in
terms of a 2-dimensional Cartesian coordinate system cen-
Il. THE MODEL SYSTEM tered on the O atom, with thg axis coinciding with the
We use the same @00 —H,O—P(100) model system bisegtor of the HOH an_gla, standard procedui®yields the_
and the same electron—water pseudopotential that were usEgfations (see Appendix A between the OH symmetric
in our previous calculation’s’* a polarizable flexible simple Strétch modeq and the deviationsdx,,dy, (for Hiy);
point charge PFSPQ potential for the water—water interac- 9X2:9Y2, (for Hiz)); &Xo, Yo, (for O) of the H and O atoms
tion; PY100) surface with water—Pt interaction taken from from their eq_umbnum positions. If we unfreeze this n_ormal
the work of Spohr and Heinzing&#2® and an electron— mode for a single water molecule anq IeF it move_agalnst the
water pseudopotential based on that developed by Barneckground of all other molecules, it will move in a force
et al.2” modified to include the many body interaction as- field t.hat is affected by this back_ground. In the calculatlon_
sociated with the water electronic polarizability of water. Thedescribed below, whose purpose is only to gauge the magni-
electron—metal pseudopotential is represented by a squapéde of th_e inelastic _effegt, we disregard this fact. We there-
barrier of height 5 eV. The total potential experienced by thdOré consider a Hamiltonian
electron is assumed to be a superposition of these electron— QA+ 1)
water and electron—metal pseudopotentials. See Ref. 10 for el Mgt Yel-q
more details and for a discussion of the performance of thigyheref,, is the Hamiltonian for the motion of the electron
model. The studies described below are done for a distanGgteracting with the frozen water configuration
of 10 A between the Pt walls, which accommodates three
water monolayers at normal density. Water configurations are  Hy=K+Ug+ Vg, (2
prepared by classical MD evolution at 300 K, using mini- ~
mum image periodic boundary conditions in the directionswhereK is the electron kinetic energy operatbip(r) is the
parallel to the metal walls. Overall, 197 water molecules ardare barrieftaken as a rectangular barrier of height 5 eV and
contained in the simulation cell of dimensions 2823.5  Width 10 A) and V¢_y(r;R") is the electron—frozen water
x 10 A implying a water density of 1 g/cinThe system was Pseudopotential. Hene and RN denote the electron position
equilibrated for 200 ps before selected water configurationgnd the frozen water configuration, respectively, bind the
were studied. Following the equilibration period we havenumber of the molecules. Also in Eq(l) Hq:(qZ
collected water configurations at intervals of 10 ps. + w?g?)/2 is the Hamiltonian for the normal mode under
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consideration and/¢_4(r,q) is the electron—normal mode !
interaction. An explicit form for the latter can be derived as
the difference

Velq(r,0)=Ve_w(r RN "1, X0+ 8Xg, Yo+ Y. X1+ 0X1,Y1 10
+ Y1, X+ 0%, Yo+ 8Y2) —Vew(r,RY),  (3) a

where RN"1,x0,Y0,X1,Y1,X2,Y5) is another notation for the
underlying frozen configuratioRN of the N-water molecule
system, and where the deviatioas; , éy; (j=0,1,2) of the
unfrozen molecular coordinates from their reference posi-
tions may be expanded in termsa@iising Eqs(A9)—(A12)
of Appendix A. The resulting interaction obviously depends 103 n s p 7
on the position of the particular water molecule with the el
. . . . Ep (€V)
unfrozen stretch mode, and on its orientation relative to the
tunneling direction, but the general conclusions reached be=IG. 1. The transmission probability plotted against the incident electron
low are independent of these details. energy for an electron interacting in t_he barrier with a sir!glc-_z OH—stretc_h
The numerical evaluation ofthe transmission probabiliy/JCde e ble ke, Topul e anamisscn bty
associated with the Hamiltonial) is executed as a multi- ) jines show, for a molecule in orientationa® (see text, the inelastic
channel scattering problem. The electron motion is describetlansmission probabilities associated with dopper ling and two (lower
on a spatial grid with absorbing potential set at the edges dme) quantum excitat?or)s of the symmetric OH str't-:ttch.vibrayion.“The lower
the system in the tunneling direction, as in Ref. 11, and théiashed lines show similar results for a molecule in orientatiox
normal modeq is described in the basigj)} of eigenfunc-
tions of the free harmonic oscillator, defining the differentwheree(z)=¢£;,(2) + £44(2) is the sum of absorbing poten-
channels. Because of its high frequency this mode starts otitals defined at the incoming and outgoing edges of the nu-
in the ground state, and inelastic tunneling therefore involvesnerical grid. The total transmission probability is obtained
excitations of this mode to higher levels. Only open chanfrom®>% (see also Appendix B
nels, i.e., with final nuclear energy not exceeding the total N ~ 2 -
incoming electron energ¥, should be included in the calcu- P=7(¢nl2inG(Ein) '2uG(Ein) 2inl i) ©)
lation. There is a finite number of such channels, withof  and the transmission probability into individual channels is
order 5—10. Denoting the total number of grid pointshyy, given by
and the number of vibrational states hythe Hamiltonian T
H in this representation is a matrix of ordeX Ng that can P,= il eoud ), ©)
be viewed as amxn block matrix where each block is of where|#,) is the 1th block of scattering state supervector
orderNg . The diagonal blocks correspond to the elastic moq ) = ié(Ein)éin| Din)-
tion of the electron in the different channels defined by the  Figure 1 displays results obtained from this calculation
quantum states of the oscillator, while the nondiagonafor one particular water configuration sampled from an equi-
blocks define for each grid point the coupling,, (r) librium ensemble at 300 K. Two cases with different water
=(v|Vei_q(r,q)|»') between the different channels,»’  molecules from the middle water layer with a “thawed”
=0,...n—1. In the same representation the wave function ofsymmetric OH stretch were considered. In one cés®)
the electron—oscillator system is a column consistingrof the thawed molecule is chosen such that one of its OH bonds
subcolumns of ordeNg. Each subcolumn corresponds to is approximately parallel to the tunneling direction. In the
the electron wave function in the corresponding channel. other(* b”) a molecule with the molecular plane perpendicu-
We focus on the one-to-all transmission problem, wherdar to the tunneling direction is chosen. The top full line in
the electron is incident normal to the water layer, and therig. 1 shows the total transmission probability as a function
total tunneling probability to exit in all final directions is of incident electron energy for both cases. This line coincides
calculated. The initial state that corresponds to the incomingvith the elastic transmission components in both cases be-
electron is @, ,—o=¢in(r)|v=0)~€e*?v=0) (z is the cause the inelastic contributions are extremely small. Results
transmission direction with energyE;,=#%%k*2m.. In the  for inelastic transmission probabilities with transitions into
grid/oscillator basis, the column vector that represents thitevels j=1,2 of the oscillator are given by the lower full
state contains zeros everywhere except in the first subcolumimes for casea and by the lower dashed lines for casd he
(»=0), which contains the grid representation of the waveimportant observation is that, per mode, the inelastic contri-
function exp{kz). The relevant absorbing-boundary- bution to the transmission probability in water is small, with

-10

conditions Green’s operator is the transmission probability for the-81 transition smaller
by about five orders of magnitudes than its elastic counter-
1 part. Figure 2 compares similar results for the-Q transi-
G= _ (4)  tion for water, O and T,O. We find, as expected, that the
E-H+izg inelastic coupling is stronger for the lighter isotope.
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the low probability for inelastic transitions observed in the
calculation of Sec. Ill. Still, as discussed in the introduction,
nuclear motion on this time scale cannot be disregarded al-
together. Instead we use previous work that indicates that on
time scales shorter thar100 fs, the nuclear dynamics of
different solvents, including water, can be reliably described
in the instantaneous normal mode pictéite® In this ap-
proach, each static liquid configuration sampled from the
equilibrium ensemble is used as a reference for expanding
the nuclear potential up to second order in the deviations of
the nuclear coordinates from this reference configuration. Di-

agonalizing the Hessian matrix associated with the second
w0, order derivatives of the nuclear potential about this reference
point then yields a set of “instantaneous normal modes”
(INMs) whose dynamics describe the short time evolution of
the liquid about that configuration. In a similar spirit we

FIG. 2. Full line—same as the full line in Fig. 1. Dashed, dotted ang @ssume that the inelastic contribution to electron transmis-

dashed—dotted lines show the inelastic transmission probabilities with oneSION through a thirta few molecular monolayersvater layer

quantum excitation of the OH-stretch mode for H, D, and T substitutedcan be accounted for by the interaction of the tunneling elec-

water, respectively. The molecule is in configuraticaf “(see text tron with the instantaneous normal modes associated with
the configuration encountered at each tunneling event. Previ-
ous studies have indicated that taking into account only

dOfl}JVlouslyl/, the'liaxample. rs],hown hererls hlghly artO||f|C|§\rI1, stable (real frequency INMs does not lead to appreciable
and the results, will vary with water configuration and with o< iy the very short time dynamics of the fluid consid-

the chosen water molecule. Still, we found that the quallta'ered, and provides a better representation of the exact fluid

tive behavior and the order of magnitude of the results Obaynamics than an all-mode treatment at longer tiffe

tained in this way are characteristic of the model studied. We Here we follow the same practice and represent the wa-
may conclude that under the conditions considered, inelastiﬁ;:}r dynamics using only the subset of stable INMs. In the
tunneling is weak, implying that the effect of water nucleardiscussion below, we refer to these modes as “phonons,”

motion can be treated as a small perturbation. This will b§ oo in mind the limited applicability of this term in the
the starting point of the many-mode calculation described ”bresent context

the following section.

Ey” (eV)

The inelastic contribution to the transmission probability
is computed as the average of results obtained in this way
over configurations sampled from an equilibrium ensemble
of layer configurations. Furthermore, based on the results of
Sec. lll we assume that the inelastic process is dominated by

The results of the previous section indicate that the in-". o )
teraction of the tunneling electron with a single water modeSlngle phonon transitions that may he evaluated using pertur-

can be taken as a weak perturbation. The excitation of gatlon theory. This use of perturbation theory to evaluate the

single quantum of the symmetric OH stretch mode was seewelagtic coqtribution to gleptron transmission through Watgr,
to be a very low probability event, and the probability to combined W!th the desc.nptlon Qf the water nuclear dynamlcs
induce more than a single phonon transition during the tun?S the ”_‘0“0” of noninteracting normal modes, is what
neling event is extremely small even near the transmissioﬁq‘”‘kes this er’b'em tractable: : . :
resonance. Still, since the electron interacts with a large For any given water configuratiaR, our starting point
number of modesgthe normalization volume used in the cal- Is the Hamiltonian

culation of Sec. Il corresponds to an electron interacting .

IV. TRANSMISSION THROUGH WATER DESCRIBED
BY INSTANTANEOUS NORMAL MODES

with a sample of~200 water molecules, i.e., with-2000 H=Hg(Ro) +Hpn(Ro) + Vei_pd T, Ro), (7)
nuclear degrees of freedgjrthe total inelastic contribution A A . .
may be appreciable. In this section we provide an approxi- Hgq=Kg+Ug(r)+Ve_w(r,Ro), (8

mate estimate of this contribution.

The calculation described below relies on the fact, diswherer is the electron coordinatéd,, is the Hamiltonian
cussed above, that the time scale for the interaction of th@ssociated with the motion of the electron across the

tunneling electron with the water environment is short. Thegistic metal—water—metal junctioﬁph is the phonon Hamil-

upper limit for this timescale is provided by the lifetimes of tonian[see Appendix B, EqB5)] andVe,_pis the electron—

the transmission resonances, estimated to be in the order oLonon interaction that we discuss beld;w\g mav be further
10 fs!! In addition, a calculation of the traversal time for P ) y

electron tunneling through water layers similar to those used/itten as a sum of electron kinetic enerfy the bare bar-

in the present calculatidhyields times of the orde<1 fs  rier Ug that is modeled here as a rectangular barrier of height
away from the resonance energy, and again times of ordé¥ eV, and the electron—water pseudopoten¥al_, dis-
~10 fs near resonance. These short times are consistent withissed in Sec. Il.
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For a given instantaneous water configurati\?g,kph is Heo= |2|2|+ [STVES ST (13)
obtained from expanding the electron—water interaction in
powers of the deviations of the water-atoms positions fromwhere HY represents the electronic motion in the discon-
this instantaneous configuration. Denoting the water configurected subspacé$ L, andM, and wheref gy andH , are
ration close to a reference configuratidty, by R=R, the couplings between these subspaces. (Eg. assumes
+%,C.0, where{q,} are the instantaneous normal modesthat no direct coupling exists between fRandL regions. In
coordinates associated with that reference configurgtea the spatial grid representation useétk,, andH, originate
Appendix B), the electron—water interaction is expanded upfrom the kinetic energy operator, and dirdRt-L coupling

to linear order in{q,} may indeed be disregarded if the target encompasses more
than a few grid spacings in the tunneling direction. From the
Ve|_w(r,R)=Ve|_W(r,Ro)+E U,(r,Ro)q,, (9) structure of Eq.(12) it follows that the Green functio

enters only through its projection on the M subspace,
with U (r,Rg) = (dVe_w(r,Rg)/dRy) - IRy /49, , SO that in GMM(E) [E-Hum— E(E)] ! whereHMM is the projec-

Eq. (7) tion of the Hamiltonian7) on the M subspace and wheXe
. is the corresponding self-energ§ayy is a matrix of the
Vel_pi= > U (1R .- (10)  order of the number of grid points in thé region. Note that,

sinceVe_pI',Ro) vanishes for outside the molecular layer;
In Egs.(9) and(10) we have assumed that the order linear in2 is an operator in the electronic space only.
the INM coordinates is sufficient. This is consistent with our ~ To first order in the electron—phonon interaction we may
expectation that the inelastic contribution to the tunnelingwrite
process is dominated by single phonon transitions. One more - N A ~ ol ohA
approximation was made in the actual application of this G(E)=G"(E)+ GUE)VIPGAE), (14
procedure: As already discussed in Sec. Il the electron—water GOE)=[E—Hy— Flopti 717 % (7—0). (15)
pseudopotential used in the present work is based on that
developed by Barnetet al?’ modified to incorporate the From the discussion above |t is clear that we need only the
many-body nature of the effect of the water electronic polarprOJected part of G0 vm(E)=[E— (H,3|)M,\,I th
izability. We have found that including this aspect of the — E(E)] 1 Obwously,GM,\,I can couple only between states
electron—water interaction is essential for getting the correcty and|r) with | y,)= | x,) and, sinceH,;, commutes with the
effective barrier for electron tunneling through water. How- gjectronic operatorsl andE it can be replaced ifiL5) by
ever, the effect of these terms on the dynam|cs of inelastighe corresponding phonon energy. For th|s reason we will

shorter-range parts of the pseudopotential, and are disre-

garded in the evaluation of tHé, terms. This simplifies the Ge(E)=[E—Hg+in] % (16)
calculation of these terms considerably. and its M-projected part

Next we consider the needed scattering formalism. The .
Hamiltonian(7) describes an electron that is moving as a free (Ge|)MM(E)=[E— (He|)MM—E(E)]*1. (17

particle to the right and left of a target, i.&J, Ve and With these preliminaries, we are now ready to calculate
Ve| phare taken to vanish far outside the target. This target the matrix element,,(E) of Eq. (12). Below we use inter-

is a water layer superimposed on the vacuum barrier. In thehangeably the notationk) =l | ph>—|¢|X|> (and similarly
process under discussion, the electron tunnels through thigr r). Using Eq.(14) we may write this coupling as a sum of
barrier, while interacting with the INMs bath localized in the elastic and inelastic components

barrier region. We denote byl)=|¢)|x,) and |r) rolas. Ainelas

=|¢,)|x,) the initial and final states of the electron—water T =Thes Tiees, (18)
system, whered,) and|¢,) are respectively incoming and ~ A -

outgoing stateés 021 the I|eft>and right sides of the barrier, while 1 (E)=( x| HLmG(E)Hrul drx1)

|x)) and|x,) are the initial and final nuclear states of the — (A B (E—EPMA S 19
water target. The corresponding energies &ig= (ilFLmGel Heul 60) 01 (19
+ E ; and the relevan® matrix element is T:nelas( E)={x1|A LG (E)VEPEOE) Al by x:)
Si=—2mTy(E)S(E —E). 1y o - . -
— e e
For the scattering geometry considered here, the correspond- B % (Al HLMGe(ENUo(r) Ge E) Hrul 1)

ing T matrix element may be written in the form R
Xl Galxr)- (20

Ta(E)=(r[HrmG(E)H_ull) 12 Eq.(19) Kroneckers term denotes that the initial ;) and
by dividing space into three regions: The rigi9) and left  final (r,) states of the phonons are identical in the elastic
(L) regions of free particle motion, and a target regith) process, an@&P"=EP'= Eph is the corresponding phonon en-
that encloses the molecular layer. With this in mind we will ergy. In Eq.(20) Ee E—EP; j=I,r, and in each term of
sometimes write the electronic Hamiltonian in the form the a summat|0nE and EeJI differ from each other by one
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guantum of the moder. In addition, the structures of Egs. elasti el — 2/ 415 &t Eehs & (Eeha 25
(19) and (20) imply that only the M-projected parts of the PPHED = W i[8LCa ENERCAEDE A1), (29

Green'’s operators in these equations, O,K,l and Geg)mm where Gy(E)=[E—Hy+i(8, +8g)] L The numerical
respectively, should be considered. For simplicity of notation,, 4juation of this expression requiréa) evaluating the
we drop here and below this projected notation, keeping iyamiitonian matrix on the grid, antb) evaluating the op-
mind that the Green's functions appearing below are all prog ation of the corresponding Green’s operator on the vector
jected onto the M subspace. |#). In our implementation seventh order finite-differencing

We will focus on a particular “one-to-all” transmission renresentation is used to evaluate the kinetic energy operator
probability whereupon the electron is incident from the left the grid. This results in a sparse matrix representation of

in th.e direction normal t_o the water layer, and the SUM OVefhe Hamiltonian, suggesting the applicability of Krylov
all final states is considered. The one-to-all transmlssm@pace based iterative methd4tor such calculations. In the
probability is given by present work we have used the PETSc packige.
20 In Appendix C we develop an equivalent procedure for
P,=72 [T, |26(E,—E,). (21)  evaluating inelastic transmission probabilities. The result
' equivalent to(25) is
In the presence of phonons this should be averaged over their

initial distribution and summed over their final states to yield

the total averaged transmission probability. PinemtE'el):gl [g;(EF')h;+g;(E,e')h;], (26)
<p|>:2_772 iz o BEM" where
h Tel ZL Iph
* EeIEg ~TAT Eel Nt ~T Eelifl
XZ |Tlr|25(E|el+ E|ph— E(ral_ EPh)- (22) ga( | ) h(d’ll‘fLGel( | )Ua(rA)GeI(AI wa)
X 8rGel Ef'= ) UW(N Gl EPEL 1),

HereZ, is the phonon partition function in the initial state. 27)
Note that the summations {22) are done for a given incom-
ing statelg of the electron, and therefore at constﬁﬁ. o
Also, in what follows we shall omit the explicit average, hy=h"(w,)= oo N(@d);

writing merely P, for the averaged transmission probability
when the meaning is clear from the text.
Consider first the elastic tunneling component. The sum  h-=h~ (o )=

over final phonon states eliminates tl%i;ehr . term in the 2m,w,
S f Eq(19), and the average over fnit?al phonon states

quare o , . B a1 . " i
is trivial: 2[12|phexp(—,8E|ph)=l, so effectively the|T|2 with n{w) =[exp(Bhw)—1] ". Note that in the position rep

. " . . . 7 T _ ~
term becomes purely electronic. It lea@se Appendix Cto resenta_\tlorua(r) is real and d_lagonal, |.eU_a(r) Ua(n).
: : .. __Also, since we used mass weighted coordinatess 1.
the following expression for the one-to-all transmission

In order to compute the matrix element in EQ7),

[1+N(w,)], (28)

probability . o
one needs to evaluate the vectorGg(E,
| 1 0t atr®A O +1iw,)U(r)Ge(Ef)2 This involves t ti
elastiq mely _ — t T (R) = wa) a(r) el( I )8L|¢’I>- IS INVOIVES WO operations
PPREP) ﬁ<¢'|HMLGe'F GeHmdl 1), (23 of Green’s matrices on a vector that are carried out as out-

lined below Eq.(25). Obviously, an exact calculation of the
sum (26) involves too many operations of this kind to be
practical. Instead we resort to a coarse-graining approxima-
tion. First rewrite Eq(26) in the form

where T®=i[3(R -3 R |n Egs. (21)-(23) the wave
function is normalized to unit flux in the incoming wave

Z— —® m )
¢E(X1y!z) B _eIkZ~Zf(X,y),
kA

) Pl ER) = f dop(w)[g"(EF,w)h" (o)
E=42K2m+E,y, (24) 0

where E,, is the energy in the direction normal wand +9 (Ef,w)h™(w)], (29)
f(x,y) is normalized to 1. In the absorbing boundary condi-

tions (ABC) Green’s function method the boundaries sepawhere

rating the left and right free electron regiohsand R from

the “molecular” region M are taken far enough from the +omel N -1 + el _

target to allow the replacement of the self energy mairby g (Blw)=p (w)g 9a (B} 0= o), (30
simple position dependent imaginary potential teimg(r)

andieg(r) that rise smoothly towards the boundaries of theand wherep(w)=3,6(w—w,) is the density of phonon

M system and insure the absorption of outgoing waves amodes. The approximation is to use the following expression
these boundaries. This leads(see Appendix € for gt(EF',w):
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where U2(r,0)=p Y(w)2,028(w—w,). Numerically, an
approximation tdJ (r,) is obtained by dividing thes axis

9= (Ef",0)=X¢F1e[GLEMO(r,0)

12 5 (a)

10

XGHEF+hw)erGe(EP+ fiw)

XU(r,0)Ge(EME, | o, (3D

plcm) x 10*
(=)}

into a finite number of segmen{g of sizesAw; and taking 4 ‘t “"-_‘\ i | | I\
the average of)2 over all modes in a segment, i.e., ) i vVt | I\
Ak LA
R R 1/2 s Y >\ H v Vo \
U(r,o)=|—— Uiy , (32 ol -~ S N P S S Vi -
N(w) w—Awl2<w,<ot+Aol2
whereN(w) =p(w)Aw is number of modes in the segment -1000 0 1000 2000 3000 4000
considered. wicm™)

Eq. (29 vyields, under our approximations, the total
probability for inelastic tunneling. Obviously, the term in-
volving g* in this equation corresponds to processes in
which the electron gained energy, while the term involving

(b)

g~ is associated with processes in which the electron lost
energy during the transmission. These terms are integrals ¢
the corresponding differential transmission probabilities =
inel | + el + X
PER, £ hw)=p(0)g™ (Ef, 0)h™(w). @ g
Q
To summarize, our calculation proceeds along the following
steps.
(@ Generate an equilibrium trajectory of the water layer
confined between the two (R00) surfaces and use it to
sample a desired number of water layer configurations.
(b) For any such water configuration and for an appropri- -1000 0 1000 2000 3000 4000
ate spatial grid we evaluate thAe grid representation of wlem™
the inverse Green functioR—Hg+i(g +&g). This _ _ _
Green’s function can be used to calculate the elasti€!G: 3- (@ The densityp of instantaneous normal modes in a layer com-
l babili d ibed in Refs. 4—11 prised of three monolayers of water molecules confined between two static
tunne '”9_1 probability as _eSC” - ed In e S. 4—=1L. Pt(100) surfaces, averaged over 20 configurations sampled from an equilib-
(c) For a given water configuration we find the corre- rium (T=300K) trajectory and shown for otherwise identicaiOH(dashed
sponding set of instantaneous normal modes using thide) and DO (dotted ling layers. The usual convention of displaying un-
potential and procedure described in Appendix B. \Westable modes on the negative frequency axis is applied (Br&ame for
d with th bset of stabl d i | f bulk water systems at 60 Kull line) and 300 K(dotted ling shown to-
proceed wi € subset of stable modes ot rea re'geth':-zr with the result for a water lay&tashed line, same as the dashed in
quency. (a). The densities of modes shown are normalized to 1.
(d) The electron—water pseudopotential is expanded in the
normal modes about the given water configuration. The
linear terms in this expansion yield the coupling pa-water layer. Following usual convention, the density of
rametersU ,(r) according to Eqs(9) and (10). imaginary frequency modes is displayed on the negative
(e) The coarse-grained representatlotr,w) of U,(r) is  axis. These results are averaged over 20 water configurations
obtained using Eq(32). sampled from the corresponding equilibrium trajectories.
(f)  For the given incoming statep?), represented as a The results for bulk water are in close agreement with those

V. RESULTS AND DISCUSSION

grid vector, we calculate the vectorGe(E® ~ Obtained previously by other worket33® The results ob-
iﬁw)U(r,w)ée'(E,e')éL|¢F') and use it to obtain tained for the water layer are very similar to those obtained

v el . . for the bulk system of the same temperature except at the
g (E/",w), Eq. (31). The latter is then used in Egs. low f . _ 1 hi : h
(29) and(33) ow frequency regime»<500 cm = In this rgg|met e nor-

' mal mode spectrum of the confined layer is seen to shift to

somewhat higher frequencies, and at the same time the num-
ber of imaginary frequency modes is reduced relative to the

Figure 3a) shows the density of instantaneous normalcorresponding spectral features of bulk water. Both observa-

modes for the system described in Sec. |l: three monolayertsons reflect the increased local binding in the confined layer.
of normal water and of BD confined between two Pt sur- The absence of appreciable effects in the higher frequency
faces at 300 K. Figure(B) show similar results for “bulk”  regime may be understood by noting the frequencies associ-
watef! at 300 and 60 K, together with those obtained for theated with the O—Pt stretch and the C—Pt—Pt bend of a single
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38 40

E;” (V)

42 44 46 48 50

FIG. 4. (a) The elastidfull line) and the inelasti¢dashed lingtransmission
probabilities as well as their sum—the total transmission probalfdivyted
line), plotted against the incoming electron enel@y.The elastic transmis-
sion probability (full line) and the inelastic transmission probabilities
(dashed line for KO, dotted line for BO and dashed—dotted line fopd)
displayed against the incomir{@erpendicular to the water layeelectron
energy.

water molecule adsorbed on (P80 which, based on the
potential of Refs. 25 and 26 are 97 and 504 ¢mespec-
tively. Note that the relatively small density of imaginary

frequency modes justifies the approximation that disregards

them in Sec. IV.
The elastic and integrated inelastic one-to{alcident
perpendicular directiontransmission probabilities for one

randomly chosen configuration of the 3-monolayer water

film are shown in Fig. 4. Figure(d) shows the elastic and

inelastic components of the transmission probabilities as well
as the total transmission probability—their sum—as func-

tions of the incident electron energy. Fig(b$t shows the

Pi.nelast./P elast

1.5

M. Galperin and A. Nitzan
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FIG. 5. The ratioP;nejast/ Pelast betWeen the inelasti€integrated over all
transmitted energi¢snd elastic components of the transmission probability
calculated for different instantaneous structures of a water layer consisting
of three monolayers of water molecules confined between twh0B)t
surfaces.

_1)

differential net energy loss (eV/cm

elastic transmission probability as well as the corresponding

inelastic components obtained for identical®{ D,O, and

T,0 layers. The resonance enhancement of the transmissio

probability near 4.4 e\ffor the studied configurations seen

to be accompanied by a substantial increase in the inelast

component. The results of Fig(l} also indicate that the

differential net energy loss (eV/cm_l)
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FIG. 6. The net energy loss spectrum, E84), for an electron tunneling
{ﬁrough a given water layer configurati¢a at resonanceE{le'=4.4 eV for

) A - B ; the chosen configuratiorand (b) substantially below resonancEﬁC evV).
importance of inelastic electron transmission through isotobashed line is for HO and dotted line is for BD.
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pically substituted water layers decreases in the ordethan ~1000 cm?, which may be further subdivided to
H>D>T, as expected from the relative mas&es. libration/rotation modes at the higher frequency end, and
It is important to keep in mind the transient nature andtranslation-dominated modes at the lower frequency end of
the variability of the water layer structures that support suchhis range. Time scale arguments would suggest that the elec-
resonances. The ratiBjncias! Peiast Detween theintegrated  ron couples more efficiently to the higher frequency modes
inelastic and the elastic components of the transmission igssociated with the intramolecular stretching and bending vi-
shown for several different water configurations in Fig. 5.y aiions: however, additional factors should be taken into
This figure shows the variability in the nature of the reéSO-account. First, because the ters(w) (for electron energy

nance supporting structure in the water configuration alreadM)s9 andh* (w) (for electron energy gajnin Eq. (29) are

discussed in Ref. 11. At the same it shows again the reso- . _ .
. . . roportional ton(w)+1 and ton(w), respectively, tunnel-
nance enhancement of the inelastic tunneling componen_P.

Resonance enhancement of inelastic transition is a commdf9 accomp_amed. by electron e_nergy I_OSS IS more |.mp0rtant
feature in many scattering process, e.g., in Raman scatteriffj@n tunneling with energy gain, particularly for high fre-
of light. quency modes withh w>kgT. On the other hand, the trans-

It is also interesting to examine the relative importanceMission probability for an energy loss process is reduced
of different phonon-frequency ranges in affecting inelasticrelative to the corresponding elastic process because of the
transmission. The water normal mode spectrum containkrger barrier encountered effectively in the latter process.
modes associated with intramolecular motidissretching ~ For the combination of these reasons the low frequency re-
and bending modes of frequencies larger than 1500%cm gime associated with water rotations and librations is more
(for H,0)], and intermolecular modes of frequencies smalleimportant in affecting inelastic tunneling than the higher fre-
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stitution seen in Figs. 6 and 7. The actual net energy loss is
quite small, substantially less than 1% of the incident elec-
tron energy.

VI. CONCLUSIONS

In this work we have assessed the relative importance of
inelastic effects in electron tunneling through water layers. It
was prompted by previous studies that indicated that electron
tunneling through water is enhanced by resonances associ-
ated with transient water structures characterized by molecu-
lar cavities in the water structure. A generalization of the
absorbing boundary conditions Green’s function methodol-
ogy makes it possible to compute first ordsingle phonoh
30 3.5 40 45 50 corrections to the elastic tunneling probability. We have com-

E,” (eV) bined this with an instantaneous normal mode representation
of the short time scale nuclear dynamics of the water layer in

FIG. 8. The net energy loss computed for the same watgd]Honfigu- o rqer to compute the effect of inelastic tunneling on the wa-
ration as used in Figs. 7 and this figure, displayed as a function of the

incident electron energy. Full line—the total net energy loss integrated€! transmission prope_rties. o _
over all phonon frequencies. Dashed line—the energy loss integrated The results described above indicate that indeed near
over the »<1300cm'* regime. Dotted line—same for the range that resonance energies inelastic tunneling cannot be disregarded.
spans the intramolecular bending frequency, 1500%my<2000cm . Eor particular configurations we find inelastic currents that
Dashed—dotted line—same for the intramolecular stretch frequencies .
exceed the elastic component. A rough average over several
configurations using data such as in Fig. 5 leads to a modest
increase of the total tunneling probability by 20—40% in the
range of~1 eV below the vacuum barrier due to inelastic

quency intramolecular regime. This is seen in Fig. 6 whereontributions. In the deep tunneling regirtiecident energy

energy loss (eV)

range,w>3000 cm %,

the net differential energy loss spectrum, lower than 1 eV below the vacuum bariénelastic contri-
butions can be disregarded as far as their effect on the overall
d(AE) d transmission is concerned.
Tdo %((AE)IOSS_ (AE)gain) We have also examined the separate contributions of dif-
! ) ferent parts of the instantaneous water phonon spectrum to
=ho(P"P o) - P+ ho)) (34 the inelastic tunneling process. We have found that relatively

low frequency modes involving hydrogen rotations and libra-
is displayed as a function of the phonon frequeacyshown  tions are the main nuclear motions affecting inelastic elec-
are the spectral distributions of the net energy loss computeglon tunneling through water.
for identical configurations of 0 and BO layers for two Finally, we should keep in mind that the calculation de-
values of the incident energﬁ,e': at resonancé4.4 eV for  scribed above has focused only on transmission properties of
the configuration used Fig. 6@ and substantially below the water layer. In a calculation of the actual tunneling cur-
resonancg3.5 eV), Fig. 6b). In both cases, the largest con- rent the differential transmission probability should be
tribution to inelastic scattering is seen to arise from modes isummed over all initial and final energies with proper ac-
the rangew<<1000cnT?, i.e., in the libration/rotation range count given to the Fermi population factors that determine
of the normal mode spectrum of water. Figuréa) and 1b)  the availability of electrons with the corresponding initial
show for the same configuration and the same incident eneenergy and the accessibility of final energy states. The dif-
gies the two componentsd{dw)(AE)ss (0N the negative ferential transmission probability, E¢3), which is a func-
frequency axis and (d/dw)(AE)gin (On the positive fre- tion of both initial and final electron energies, provides, in
quency sidg as functions of the phonon frequency. As ex- principle, the input for such a calculation.
pected, the contribution of the different frequency regimes to
energy gain by the transmitted electron decreases rapidlxCKNOWLEDGMENTS
with increasing mode frequency, reflecting the activated na-

ture of the corresponding mode occupation numbers at thgcience and by the U.S.-Israel Binational Science Founda-

given (room) temperature. . . . .
Finally, Fig. 8 depicts the total energy loss, as well ast'on' '(Ij’hhe ?gthorgt:]h?hnk;)Er.Tzlvan Tlgledo for introducing us
some of its spectral components, for the same water configuEJ and helping wi € ¢ package.
ration used in Figs. 6 and 7. The prominence of the low
frequency regime <1000 cm Y) in affecting inelastic tun- APPENDIX A
neling is clearly seen. It should be emphasized that, while  We denote by 0, 1 and 2 the oxygen atom and the two
this spectral regime contains also contributions from oxygerydrogen atoms, respectively. Using standard procedure, the
translational modes, the dominance of hydrogenic motions iselationship betweeq, the symmetric OH-stretch mode, and

evident from the strong sensitivity to hydrogen isotope subthe deviationssx, , 8y, (for Hi17); dx,, dy, (for Hp,p); 0Xo,

This research was supported by the Israel Ministry of
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8y (for O) of the H and O atoms from their equilibrium
positions in the molecular plang/ can be written as follows:

1

Ki1=
llm

— ; (A1)
H

2K,

1 2my 2k, .
K22—m_H(1+ m_o)(kOHCOSZCY+ r_25|n2a>1 (AZ)

1 2my 2K, \ .
K1o= K21=2—mH 1+ m_o Kon— Tz sin2«, (A3)
m;=2my, (A4)
2my
m2:2mH 1+_ , (AS)
Mo
w:[1/2(K11+ K2
+ (K11t K29 ? = A K1ak oo~ k30)) Y2, (AB)
2__
c=2 2 (A7)
K12
N=1+c2 (A8)

where my and mg are the atomic masses of the H and O

atoms, respectively,is the equilibrium OH bond lengtla is
the equilibrium HOH anglek, is the force constant for the
OH bond, and,, is the force constant for the angig so that

the potential for harmonic deviations of the water configura-

tion from equilibrium is (1/2kop(8r 01) %+ (1/2)Kou( 6 o2)
+(1/2)k,(52)?]. Then

S%o=0, (A9)
b= — 2 (A10)
moyVm, N
OX1=— OX —L (Al11)
1= 2—N\/qu,
= = ! (A12)
éyl_&l2_N\/m—2q'

In the preliminary study discussed in Sec. Il we take the

Hamiltonian for the thawed normal modédo be the same as
in a free water molecule, 4+ (§%+ w?g?)/2.

APPENDIX B

A. Water potential and instantaneous normal modes
(INMs)

Electron tunneling through water 2691

INVw(R)
FiRI=— (B2)
Dy (R) = W) B3
ik(R)= IRR, | (B3)

and diagonalizing the Hessian matix Denoting byM the
corresponding transformation matrix, the squared normal
modes frequencie&;i, are the elements of the diagonal ma-
trix Q>=MDM T and the corresponding shifted coordinates
areq=M-(R—Rg)—(Q?) ", wheref=M-F is the trans-
formed force. The short time evolution about the configura-
tion is then determined by the Hamiltonian

th=§ (12) 2+ (1/2) w202), (B4)

wherewi are the diagonal elements 8F. In general, some

of the INM's frequencies are imaginary, and in the present
tunneling calculation we have taken into account only stable
modes with real frequencies that we refer to as “phonons.”
The starting point of the calculation outlined in Sec. IV is the
second quantization representation of the Hamiltori24)

1
2 1
whereaL and a, are phonon creation and annihilation op-

erators, and where the sum is over stable INMs.
The nuclear potential for the water system is

(B5)

th:z ﬁwa azaa-F
a

Vw=Vwpt Vprw- (B6)
Here Vy, is the bulk water potential whil&/p,_yy, is the
water—platinum wall interaction. For the former we use the
flexible simple point chargéFSPQ model®****where the
potential is written as a sum of intermolecular and intramo-
lecular contributions
Viyp=Viner+ i, (B7)
The forms of these potentials used in the present calculation
are as follows:

(@ The intermolecular water term is a sum of a pair of
interactions between water atoms not belonging to the
same molecule, as in the SPC water model

A set of instantaneous normal modes associated with a

given water configuration is obtained by expanding the water
potential to second order in the deviations from the given*w ()=

configuration
1
Vw(R) = Vw(Ro)=~F(Ro) - (R=Ro)+ 5 (R=Ro)

D(Ro)- (R=Ro), (B1)

where R are mass weighted coordinates and where

vinter— 2 pIMeli ), (sums over water paiys (B8)
g4 i a4 9% dolk
"Roa R R R
HiiHy; HpiHyj HiiHy; HpiHy; OjHy;
Qodh , Godn , 9o a5
Ron, R0 Ru,o Roo
PPN B O (BY)
8 - 1
Roo, Roo,
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where, e'g'RHliHlj:|RH1i_RHlj|’ with Ry, being the po- Rij=|Ri—R] (B15)

sition of the hydrogen “1” on moleculé. The parameters

used in Eq.(B9) are go=—-0.82a.u.,qy=0.41a.u., o pij=I(Ri—R)) —A((Ri—R;)- )] (B16)

=3.16554 A, and:=0.1554 kcal/mol.

(b) The intramolecular water term is a sum over all water  f(p)=exp(—dp?), (B17)
molecules

wherefi is a unit vector normal to the Pt wall and pointing in
the outwarddi.e., into the waterdirection andi andj refer

Viy'e= > Z 'mra(l) (B10)  to the oxygen an Pt atoms respectively. Also
of terms of the forrf® vhi= g exp(— 7ry)), (B19)
ntra - S 5 wherei and] refer to hydrogen and Pt positions respectively.
vy (1) =Ky (d+d3) + 2Kody;dy; + Kady The parameters used in these equations arel.8942

x 107167, b=1.8863x 10 16, c=1013], Y

. . . 3. 3A
2K 4(dyi i) dai + Ke(dy; 1) —1.1004A1, B=10966A1, y=53568A 1 &

+Kg(dy; + dy ) dyidy + K (d2 +d2) dy =0.5208 A°%, g=1.7142<10"**J, andyp=1.2777A"*. In
) 5 the equations above energy is given in J wikleand p are
+ Kgdy;dy;dai+ Ko(dy; +dy) dZi+ Kyody; expressed in A.
+Kya(d; +d3) + Kpo03,03; + Kp20%,05;
+Kya(d3;+d5) dZ + Kygdyiddy, (B11)  APPENDIX C
where Here we provide some details pertaining to the deriva-

ioH 5O tions of Egs.(23), and (25—(27). Consider first the elastic
dyi=|R* R =R transmission rate out of electronic state
dy=|R™-RO-R 2 .. .

e Ko7 2 (1l AL Gl EF) Firul ) *6(EF'~ 7).
(R{*~R?)-(R{?~RY)

da = Req) ArCCOS——5—=H, 5o~ @eq(- (B12) o _ (€D
IR =R R =Ry Expanding in the basis ah states that span the M subspace,
The parameters used in Ed811) and(B12) are this can be written in the form
Ki(i=1...3)=8 431.926 9;- 100.736 24, kf'asL TSRS SIS (il Almy)
759.013 0710 21 /A2, e e
K|(| :410 — 262143 5, _9 525094 7, X(Gel( EFI))m1m2<m2| HRM| ¢r><¢r|HLM|m3>
—319.16137, 159.58416, X(GHEF)) mym,(Mal A | 1) S(EF-EF). (C2)
. —21 3 . T
139.634 2% 10 21 J/A I (E=i[s®-3®"
and
Ki(i=11...19=15359.793, 797.886 05, 1296.5996, =27TZ (M, Hryl ) [ HE I ma)
—1695.5426,—498.644 04 X &( Elel_ E:el) (C3)
— 21 4 —
X 10" #1J/A, Req=1 A and do the formal sums over tie states to get
and elasy —ely _ 1 . A el 7 (R) (=€l
k EN=r7 H mGa(ErNTNY(E
aeqz 109.5°. | t | ) fz<¢)|| LM el( | ) ( | )
At el yt
(c) The water—RtL0O0) interaction is taken from Refs. 25 X G ENHLul 41)- (C4
and 26. It takes the form This rate can be converted to transmission probability by
dividing it by the incoming fluxj,=%k,/m, wherem s the
Vetno= > 1 vt 2 pU (B13)  electron mass. Alternatively we may write the transmission
jePtie0 probability as
with Pelast Eel): l<¢ |HT GT(EeI)f(R)(EeI)
3)— [ — be~ B (py )+ e~ M1 ()] | D= &ALmGealE |
Vpilo— ae 1—pe 1] Pij ce N i1— pij) 1 - N
(B14) X Ge(EFYH mlén), (CH)
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provided that the wave functiog, is normalized to unit  nelasy gel)
incoming flux, i.e.,

2 1
S :%z P o BEY
¢E(X1y!z) - ﬁelkz.zf(xly)v Tel rph L Iph
zZ

E=#2K2/2m+E,y (C6) X2 2 (bl FmGe( EF) U o (1) Gal(EF) Hrul 61)
(Exy Is the energy in the direction normal randf(x,y) is At AT ekt AT el T
normalized to 1 In the absorbing boundary conditions X{e|HrmGe EPUo(NGHEDH | #1)
(ABC) Green's function method the boundaries separating « g, At S(E®+ EPh— E¢'— gPh
the left and right free electron regiors and R from the Ol D) OcrlGal i) OB+ B BB,
“molecular” region M are taken far enough from the target (C10

to allow the replacement of the self energy markixby

simple position dependent imaginary potential tei(r) a thermal averaging over the initial stalgg of the phonon

ndieg(r) that rise smoothly towards th ndari f th .
andizg(r) that rise smoothly towards the boundaries of t ebath and sums over the final stateg, {r,») of the electron

M system and insure the absorption of outgoing Wavesand bath are taken ifC10). The summation and averaging

at these boundaries. In this café'?)(Efj")_ in Eq. (C9  gyer the phonon degrees of freedom can be done by noting
may be replaced by & . A further simplification may be nat(a) only terms witha=a’ contribute in(C10), and(b) in
achieved if we use the fact that the incoming electronice term associated with a given mode the vibrational
statg¢| is localized in thel. subspace and_may be.taken 10 states Ix)) and |y,) (themselves products of single
vanish near the RM boundary. This implies thatoge statesdiffer from each other by a change of one quan-
er|¢1)=0 andHgy|¢;)=0. Using these equalities we can tum in the state of modey, so thatE€'=Ef'+#w,. This
write leads to

ErGeHLml 01)=2rGel([Gel 2+ H u+Hrw)| o).

whereES'=E;—EP; j=1,r is the electronic energy. Again,

) 2w h R R “ n
k"t e = 72 Z M{<¢I|HLMGeI(efl)Ua(r)Gel
o a (23
Together with Go(E®) ] *=EF'—H¢—H y—Hgru+ié and N ae a
(E|e|— |:|8|)|¢|>=(§ this yields X (Esl)HRM|¢r><¢r|H1FLQMGlI(E$|)
o . x UL GLENA! )
erGeFLml 0) = 8rGeiL | HF) (C8 ©

X[, 8(ES+Aw,—E+ (N, +
<o that [N 3(Ef+ o, —EF)+ (N, +1)
X S(EP'~tw,—EN}. (C11)
elastic —el _ 2 ~ AtzeNa A el
PPRER) =i 4118 Ga(ED)8rGe ED)EL ). (C9) Note that since we used mass-weighted coordinatess 1
Consider next the inelastic transmission probability. In-for all «. Repeating the same procedure that was used to get
serting Eq.(20) into (22) yields the inelastic rate Eqg. (C4) now yields

. 2 o - ~ A A
k:nelaStEFI):TE m{na<¢l|HLMGeI(Efl)Ua(I‘)Ge|(E|+ﬁwa)F(R)(E|+ﬁwa)G£|
a a® o

X (Ej+hw,)ULNGLEN Ayl 1)+ M+ 11| HLmGe( EPYU (N G E1— w0 ) T R(E —hw,) G

X (E)—hw) 0NN GHENAT I} (C12

Finally, using the ABC Green’s function methodology and gi(Efl)E%<¢||§Ié;|(EF|)UZ(r)Gl|

the arguments that lead to E6C9) we now get KBS+ 10,)8 ey

X(Ef=fw,) 0, (NG(EME |¢), (C14

N

. f 1
elastic —ely _ +EeNnt —(EeNh— = T h = "

PIER) = 2 [9.(EPh; +9,(EPh, ], (C13 o= Sme Mot Na= e (170, (C19
and where in Eq(C14) the functiong ¢,) are normalized to
unit flux, as in EQ.(C6). Note that in our mass-weighted

where coordinate systerm,=1 for all «.
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